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Abstract. We study the main spectral features of the gamma-ray fluxes observed by the
High Energy Stereoscopic System (HESS) from the J1745-290 Galactic Center source during
the years 2004, 2005 and 2006. In particular, we show that these data are well fitted as the
secondary gamma-rays photons generated from dark matter annihilating into Standard Model
particles in combination with a simple power law background. We present explicit analyses
for annihilation in a single standard model particle-antiparticle pair. In this case, the best
fits are obtained for the uū and dd̄ quark channels and for the W+W− and ZZ gauge bosons,
with background spectral index compatible with the Fermi-Large Area Telescope (LAT) data
from the same region. The fits return a heavy WIMP, with a mass above ∼ 10TeV, but well
below the unitarity limit for thermal relic annihilation.
Keywords: dark matter theory, dark matter experiments, particle physics - cosmology con-
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1 Introduction
Numerous and different data collected during the last years have established the Standard
Cosmological Model as a simple framework showing a remarkable agreement with observa-
tions. This model is based on Einstein’s General Relativity and a homogeneous and isotropic
ansatz for the metric. However, in addition to ordinary matter, two new elements need
to be added: a cosmological constant or other form of dark energy to account for the late
time acceleration of the universe, and dark matter (DM) to explain the formation and dy-
namics of cosmic structures. However, despite the multiple efforts, the fundamental nature
of DM remains still as an open problem. There are strong astrophysical evidences for DM
from galactic to cosmological scales, but the interactions with ordinary matter have not been
probed beyond gravitational effects. In this sense, both direct and indirect DM searches are
fundamental to explore particle models of DM.
In the framework of indirect searches, the observation of gamma-ray fluxes from astro-
physical sources represents one of the main approaches to the DM puzzle. If DM annihilates
into SM particles, the subsequent chains of decay and hadronization of unstable products
produce gamma-ray photons generically. The observation of this signal is highly affected by
astrophysical uncertainties in the gamma-ray backgrounds and in the DM densities and dis-
tribution. On the other hand, depending on both astrophysical and particle physics models
of DM, the signature could be distinguishable from the background. Appealing targets for
gamma-ray observations of annihilating DM are mainly selected according to the abundance
of DM in the source and their distance. Galaxy clusters, dwarfs spheroidal galaxies (dSph)
or the galactic center (GC) of the Milky Way are traditional targets of interest. Galaxy
clusters are very rich in DM, but they are very distant objects. DSphs are also characterized
by high DM densities but at much shorter distances. In any case, despite their proximity,
observations of dSphs have not been able to detect any gamma-ray flux signature over the
background so far [1, 2]. On the other hand, the GC represents a very close target, but the
complexity of the region, due to the high concentration of sources, makes the analysis quite
involved.
In this work, we will focus on the analysis of very high energy (VHE) gamma-rays

















collaborations such as CANGAROO [3], VERITAS [4], HESS [5, 6], MAGIC [7] and Fermi-
LAT [8, 9]. In particular, we will analyze the data collected by the HESS collaboration during
the years 2004, 2005, and 2006 associated with the HESS J1745-290 GC source [6]. The
interpretation of these fluxes as DM signal has been widely discussed in the literature from
the very early days of the publication of the observed data [10–13]. It was concluded that the
spectral features of these gamma-rays disfavored the DM origin [13, 14]. However, in recent
studies [15, 16], it has been pointed out that these fluxes are compatible with the spectral
signal of DM annihilation provided it is complemented with a simple background. This
extra source of gamma-rays can be originated by radiative processes generated by particle
acceleration in the vicinity of Sgr A East supernova and the supermassive black hole [17].
In this work, we present a systematic study of this assumption: in section 2, we show an
analysis of the source, while a brief review of the gamma-ray flux coming from annihilating
DM in galactic sources is presented in section 3. The fit of the HESS data with a total
fitting function given by the combination of the background power law component with
annihilating DM signature is discussed in section 4. In section V, we include in the analysis
the data collected by Fermi-LAT from the same region. We summarize the main results of
our work and prospects for future analyses in section 6. Finally, an appendix provides useful
details for reproducing the statistical study performed in these analyses.
2 HESS J1745-290 data
DM is expected to be clumped in the central region of standard galaxies. In this sense, the
central part of the Milky Way could be an important source of gamma-rays produced in the
DM annihilation processes. Because of its closeness, the GC represents a very appealing tar-
get for the indirect search of DM, but the complex nature of this area makes the identification
of the sources quite difficult. Several sources have been detected not only in the gamma-ray,
but also in the infrared and X-ray ranges of the spectrum. The absence of variability in the
collection of HESS J1745-290 data in the TeV scale, during the years 2004, 2005 and 2006,
suggests that the emission mechanism and emission regions differ from those invoked in the
variable infrared and X-ray emissions [18]. The significance of the signal reduces to few tenths
of degree [6], but the angular distribution of the very high energy gamma-ray emission shows
the presence of an adjunctive diffuse component. The fundamental nature of this source is
still unclear. These gamma-rays could have been originated by particle propagation [9, 17] in
the neighborhood of the Sgr A East supernova remnant and the supermassive black hole Sgr
A, both located at the central region of our galaxy [14, 19]. If it was originated by the DM
distribution, the morphology of the source requires a very compressed DM structure. In fact,
it has been claimed [20, 21] that baryonic gas could account for similar effects when falling
to the central region, modifying the gravitational potential and increasing the DM density in
the center (see however [22, 23]). If this is the case, the DM annihilating fluxes are expected
to be enhanced by an important factor with respect to DM alone simulations, such as the
classical NFW profile [21].
In previous works [6, 19], important deviations from a power law spectrum have been
already reported, and a cut-off at several tens of TeVs has been proved as a distinctive feature

























































Power law fit 1
Power law fit 2
Power law 1 Power law 2
Φ0 20.9± 5.1 43.5± 14.8
Γ 2.32± 0.03 2.43± 0.05
χ2/ dof 2.48(57/23) 5.30(137/26)
Figure 1. Collection of the HESS data (2004,2005 and 2006) fitted with two simple power law background.
The full line (Power law 1) shows the fit with 23 dof, without take into account the upper limit constraints
on the flux given by the last three points. They are included in the Power law 2 fit with 26 dof (dotted line).
The parameters of the fit can be found in the table. Because of the poorness of both the fits (χ2/dof = 2.48
with Γ = 2.32±0.03 for Power law 1, and χ2/dof = 5.30 with Γ = 2.43±0.03 for Power law 2), they represent







































Figure 2. The same as in figure 1, but the power law is modified with an exponential energy cut-off. The
signal is well fitted in this case with the results given in the attached table.











where Φ0 is the flux normalization, Γ is the spectral index and Ecut is the cut-off energy.
The measured spectrum for the three-year dataset ranges from 260GeV to 60TeV. We have
reproduced these analyses with the results that can be found in figures 1 and 2. They are
consistent with previous works [6, 19], since the spectrum is well described by a power law

















3 Gamma-rays from dark matter annihilation
If the signal observed from the GC is a combination of gamma-ray photons from annihilating




















On the other hand, the differential gamma-ray flux originated from DM annihilation in
















where 〈σiv〉 are the thermal averaged annihilation cross-sections of two DM particles into
SM particles (also labeled by the subindex i). We are assuming that the DM particle is its
own antiparticle. M is the mass of the DM particle, and the number of photons produced in
each annihilating channel dNi/dE, involves decays and/or hadronization of unstable products
such as quarks and leptons. Because of the non-perturbative QCD effects, the calculation
of dNi/dE requires Monte Carlo events generators such as PYTHIA [24]. In our analysis,
we will focus on gamma-rays coming from external bremsstrahlung and fragmentation of
SM particle-antiparticle pairs produced by DM annihilation. We will ignore DM decays,
the possible production of monoenergetic photons, N-body annihilations (with N > 2), or
photons produced from internal bremsstrahlung, that are model dependent. In particular and
in order to simplify the discussion and provide useful information for a general analysis, we












is a new constant to be fitted together with the DM particle mass M , and the background
parameters B and Γ. The astrophysical factor 〈J〉∆Ω of eq. (3.3) will be also indirectly fitted
by means of the parameter Ai. In its most general expression, it is computed in the direction










where l is the distance from the Sun to any point in the halo. The radial distance r is
measured from the GC, and is related to l by r2 = l2 +D2⊙ − 2D⊙l cosΨ, where D⊙ ≃ 8.5
kpc is the distance from the Sun to the center of the Galaxy. The distance from the Sun to
the edge of the halo in the direction θ is lmax = D⊙ cos θ +
√

















The photon flux must be averaged over the solid angle of the detector, that is typically
of order ∆Ω = 2π(1− cosΨ) ≃ 10−5 for detectors with sensitivities in the TeV energy scale,
such as the HESS Cherenkov telescopes array. The dark halo in the GC is usually modeled





where N is the overall normalization and rs the scale radius. This profile is in good agreement
with non-baryonic cold DM simulations of the GC. In this case and accounting for just
annihilating DM, the astrophysical factor is: 〈JNFW(2) 〉 ≃ 280 · 10
23 GeV2cm−5, value that we
will use as standard reference.
4 Single-channel fits
As commented before, the particle model part of the differential gamma-ray flux expected
from the GC is simulated by means of Monte Carlo event generators, such as PYTHIA [24].
However, the fact that simulations have to be performed for fixed DM mass implies that
we cannot obtain explicit M dependence for the photon spectra. In order to overcome this
limitation, the simulated spectra of each annihilation channel has been reproduced with the
analytic fitting functions provided in ref. [26] in terms of the WIMP mass, by means of
mass dependent parameters. The combination of such simulated spectra with a power law
background (eq. (3.1)) is finally fitted. We assume a typical experimental resolution of 15%
(∆E/E ≃ 0.15) and a perfect detector efficiency.
For quarks (except the top) electron and τ leptons, the most general formula needed





























































The value of the different parameters change with the SM particle annihilation chan-
nel and in some cases, with the range of the WIMP mass. The cases of interest are de-
scribed below and the value of the parameters reported in appendix A. In the case of the
electron-positron channel, the only contribution to the gamma-rays flux comes from the
bremsstrahlung of the final particles. Therefore, in the previous expression (4.1) the ex-
ponential contribution is absent, q = αQED/π, and p = (M/me−)
2 . This choice of the
parameters corresponds to the well-known Weizsäcker-Williams approximation (figure 3).
In the case of the µ+µ− channel, the exponential contribution in the expression































) E−1.5M0.5 . (4.2)
All the parameters are here mass dependent and their expression for a range of mass


















The τ+τ− spectrum needs the entire eq. (4.1) for an accurate analysis. The value of
the mass independent parameter and the expression of the mass dependent ones used in this
work are reported in table 2. The best fit for the τ lepton is shown in figure 5.
The value of the mass independent parameter and the expression of the mass dependent
ones in (4.1) for the uū channel are reported in table 3. The analytic fitting function is given
for mass values up 8000GeV, because of limitations in the Monte Carlo event generator
PYTHIA software. An extrapolation up to larger values of the mass has been performed. In
this case the best fit is shown in figure 6. The parameters for the dd̄ channel are given in
table 4. This channel provides the best fit (See figure 7) of all those considered in the paper
and is used as a reference for comparison with other channels. The parameters for the ss̄, cc̄
and bb̄ are reported in tables 5, 6 and 7. The best fit of these hadronic channels are shown
in figures 8, 9 and 10.











































The value of the mass independent parameter and the expression of the mass dependent
ones (in the selected range of mass) are reported in table 8. The best fit for the tt̄ channel
by using eq. (4.3) is shown in figure 11.



























where the value of the parameters used in this study are reported in table 9. The best fits
for the W+W− and ZZ channels are shown in figures 12 and 13.
The best fit is provided by the dd̄ channel with χ2/dof = 0.73 for a total of 24 degrees
of freedom (dof). In any case, other hadronic channels such as uū (see figure 6) or ss̄, also
provide very good fits within 1σ. In the same way, softer spectra as the one provided by
tt̄ (see figure 11), W+W− (figure 12) or ZZ (figure 13) channels are consistent with data
without statistical significance difference. On the contrary, leptonic channels (not only e+e−,
or µ+µ− but also τ+τ−, figures 3, 4 and 5), cc̄ and bb̄ channels (figure 9 and 10) are ruled out
with more than 99% confidence level when compared to the best channel. It is interesting
to note that taking into account all the channels that provide a good fit, the DM mass is
constrained to 15 TeV . M . 110 TeV within 2σ. The lighter values are consistent with
hadronic annihilations (uū) and the heavier ones with the annihilation in tt̄, that is more
similar to electroweak channels.
5 FERMI 1FGL J1745.6-2900 data
It has been argued that the Fermi-LAT source 1FGL J1745.6-2900 and the previously con-
sidered HESS source J1745-290 are spatially coincident [27]. In [9] data from the first 25
months of observations of the mentioned Fermi-LAT source have been analyzed. It has been
shown that the observed spectrum in the range 100MeV–300GeV can be very well described
by a broken power law with a break energy of Ebr = 2.0
+0.8
−1.0GeV, and slopes Γ1 = 2.20±0.04
and Γ2 = 2.68 ± 0.05 for lower and higher energies than Ebr respectively. Notice that the



















































e channel with 15% R.U.
e
 









e−e+ M A B Γ
M 1
A -0.385 1
B -0.044 0.512 1
Γ -0.070 0.583 0.991 1
Figure 3. M(TeV), A(10−7 cm−1s−1/2), B(10−4 GeV−1/2cm−1s). Best fit to the HESS J1745-290 collection
of data (years 2004, 2005, and 2006 [6]) in the case that the DM contribution came entirely from annihilation
into e+e−. The full line shows the total fitting function. The poor quality of the fit is evident (χ2/dof = 2.09).
The dotted line shows the simple power law background component with spectral index Γ = 2.55±0.06, while
the DM component with a 15% of resolution uncertainity (R. U.) is given by the double-dotted line with a
normalization parameter A. The dotted-dashed line shows the contribution of annihilating DM into electron-
positron pairs without taking into account such a resolution. On the top right table, we present a summary
of the best fitting parameters. ∆χ2 correponds to the difference with respect to the best fit channel (dd̄). On



































mu channel with 15% R.U.









µ+µ− M A B Γ
M 1
A -0.431 1
B -0.052 0.515 1
Γ -0.081 0.584 0.991 1
Figure 4. The same as figure 3 in the case of the µ+µ− annihilation channel. The fit is only slightly better
than for the e+e− case.
of the diffuse background obtained from HESS data in our previous analyses. Indeed, at the
95% confidence level, the allowed range for the spectral index of the diffuse background is
2.6 . Γ . 3.7. In this case, the lower values are consistent with all the allowed channels, but
the higher values are only accessible to the light quark channels. In any case all the channels




















































tau channel with 15% R.U.









τ+τ− M A B Γ
M 1
A -0.613 1
B 0.042 0.487 1
Γ -0.004 0.552 0.993 1
Figure 5. The same as figure 3 in the case of the τ+τ− annihilation channel. This channel provides the



































u channel with 15% R.U.









uū M A B Γ
M 1
A -0.772 1
B -0.291 0.768 1
Γ -0.315 0.792 0.999 1
Figure 6. The same as figure 3 in the case of the uū annihilation channel. The cut-off in the energy spectrum
of this hadronic channel reproduces the cut-off in the data, giving good consistency.
In figure 14, we show the case of the W+W− channel to illustrate this consistency. Both
the signal and background parameters are compatible with the W+W− channel fit without
the Fermi-LAT data. With the new data, the analysis even improves to χ2/dof = 0.75. This
interpretation implies that the Fermi-LAT telescope is able to detect just the background
component of the total energy spectrum of the gamma-ray emission associated with DM.
With the fit of the parameter A (eq. (3.5)) and by assuming a standard thermal cross
section of 〈σv〉 = 3 · 10−26 cm3s−1, we can get an estimation of the astrophysical factor
〈J〉. We find 1025GeV2 cm−5 . 〈JNFW〉 . 1026GeV2 cm−5. It implies that the boost
factors b ≡ 〈J〉/〈JNFW〉 spread on a range between two and three orders of magnitude. It is
interesting to note that the enhancement of the distribution of DM required to fit the data
is compatible with the expectation of N-body simulations when the effect of the baryonic



















































d channel with 15% R.U.









dd̄ M A B Γ
M 1
A -0.883 1
B -0.435 0.764 1
Γ -0.468 0.793 0.998 1
Figure 7. The same as figure 3 in the case of the dd̄ annihilation channel. The χ2/dof value associated



































s channel with 15% R.U.









ss̄ M A B Γ
M 1
A -0.852 1
B -0.410 0.784 1
Γ -0.444 0.812 0.998 1
Figure 8. The same as figure 3 in the case of the ss̄ annihilation channel.
6 Conclusions
In this work, we have analyzed the possibility of explaining the gamma-ray data observed by
HESS from the central part of our galaxy by being partially produced by DM annihilation.
The complexity of the region and the ambiguous localisation of the numerous emitting sources
inside this region, seems to validate the hypothesis of a background component. We have
proved that even DM annihilations into single channels of the SM provide good fits provided
that the DM signal is complemented with a diffuse background compatible with Fermi LAT
observations. The fits returns a DM mass between 15 TeV . M . 110 TeV and a background
spectral index between 2.6 . Γ . 3.7 within 2σ. Some channels are clearly preferred with
respect to others, such as the dd̄ for the quark channels with χ2/dof = 0.73, or the W+W−
and ZZ channels with χ2/dof = 0.84 and χ2/dof = 0.85. On the contrary, the leptonic



















































c channel with 15% R.U.









cc̄ M A B Γ
M 1
A -0.970 1
B -0.738 0.845 1
Γ -0.754 0.860 0.999 1




































b channel with 15% R.U.









bb̄ M A B Γ
M 1
A -0.864 1
B -0.499 0.834 1
Γ -0.529 0.857 0.999 1
Figure 10. The same as figure 3 for the bb̄ annihilation channel. Together with the cc̄ channel, is the only
hadronic channel disfavored by the HESS data.)
can actually contribute. In this situation, the single channel analysis presented in this work
can be helpful as a guide but it is necessary to know that a combination of channels can
work in a qualitatively different way. In any case, it is important to take into account that in
an important amount of models, only one channel dominates the annihilation and the single
channel approximation works with high accuracy.
The morphology of the signal is consistent with compressed dark halos by taking into
account baryonic dissipation with boost factors of b ∼ 103 for typical thermal cross sec-
tions. We would like to comment that the boost factors values presented in the tables are
computed under the assumption of standard thermal annihilating dark matter. In a general
approach, i.e. for decaying dark matter or for dark matter candidates, whose abundances
are not reached by thermal freeze-out decoupling, the boost factors do not apply. However,



















































t channel with 15% R.U.









tt̄ M A B Γ
M 1
A -0.748 1
B -0.175 0.721 1
Γ -0.216 0.756 0.998 1
Figure 11. The same as figure 3 in the case of the tt̄ annihilation channel. The qualitative features of this
channel are more similar to the electroweak annihilations (see following figures) than to the hadronic ones (as



































W channel with 15% R.U.









W+W− M A B Γ
M 1
A -0.687 1
B -0.038 0.681 1
Γ 0.008 0.636 0.997 1
Figure 12. The same as figure 3 for the W+W− annihilation channel.
terpret the amount of gamma-rays observed by HESS in terms of such a hypothesis. We have
adopted this approach in order to present our results. In this sense, it is important to note
that the observed source of gamma-rays is very localized. It implies that if they are produced
by annihilation or decay of dark matter, it has to be related to a very dense substructure or
to a compressed halo. The latter case has been obtained in different simulations that take
into account baryonic effects. Indeed it has been claimed [20, 21] that when baryonic gas is
taken into account, it falls to the central region, modifying the gravitational potential. This
fact increases the central dark matter density and produces typical enhancements of b ∼ 103
in gamma ray fluxes [21].
On the other hand, the DM particle that may have originated these data needs to be



















































Z channel with 15% R.U.









ZZ M A B Γ
M 1
A -0.704 1
B -0.042 0.660 1
Γ -0.088 0.703 0.997 1
Figure 13. The same as figure 3 in the case of the ZZ annihilation. The results for the ZZ channel are
















































M A B Γ
M 1
A -0.879 1
B -0.206 0368 1
Γ -0.481 0.718 0.840 1
Figure 14. The same as in figure 12 but taking into account the Fermi-LAT data between 2 GeV .
E . 100 GeV [9], that extends the dof to 27. The background parameters fitted by these data are A =
(4.44 ± 0.34) · 10−7cm−1s−1/2 and Γ = 2.63 ± 0.02, in agreement with the spectral index for this spectral
region already found when the Fermi-LAT data are fitted with a broken power law [9]. The quality of the fit
is evident with a χ2/dof = 0.75. From this interpretation of the data, Fermi-LAT instruments are sensitive
just to the background component of the signal.
contradiction with the unitarity limit for thermal relic annihilation. For example, this limit
is around 110TeV for scalar DM particles annihilating in s-wave (for ΩDMh
2 = 0.11) [15, 28].
On the contrary, these heavy DM particles are practically unconstrained by direct detection
experiments or particle colliders [29]. An interesting example of such type of DM candidates
which could have high enough mass and account for the right amount of DM in the form of
a thermal relic, is the branon [30, 31]. Branons are new degrees of freedom corresponding
to brane fluctuations in brane-world models. In general, they are natural candidates for
DM because they are massive fields weakly interacting with the SM particles, since their

















Parameter Fitting power law(s)
p 4530M0.653
q 0.00230M−0.911 + 0.00291M0.0348
l 0.626M−0.0300 + 16.4M−1.34
Table 1. Mass dependent parameters for the fitting function of the photon spectrum coming from
the µ+µ− channel.
Parameter Fitting power law
n1 −7.00M
−1.99 + 179M−0.763 + 9.09
p 3.07M1.55
Channel a1 b1 b2 n2 c1 d1 c2 d2 q
τ 14.7 5.40 5.31 1.40 2.54 0.295 0.373 0.470 0.00260
Table 2. Mass dependent and independent parameters for the τ+τ− channel fitting function.










Channel a1 b2 c1 c2 q
uū 5.58 5.50 0.315 0.0 9.30 · 10−4
Table 3. Parameters for the uū channel fitting function.
over 100GeV, the main contribution to the photon spectra comes from branons annihilating
into gauge bosons ZZ, and W+W−. In [15] it was shown that a branon DM with mass
M ≃ 50.6TeV, provides an excellent fit to HESS data. The corresponding background being
compatible with Fermi-LAT data. The compatibility of its thermal abundance with the
WMAP constraints [32], demands a cross section of 〈σv〉 = (1.14±0.19) ·10−26 cm3s−1, what
is equivalent to a brane tension of f ≃ 27.5TeV.
The analysis of other cosmic rays [33] from the GC and from other astrophysical objects
is fundamental to cross check the hypotheses considered in this work. Updated analyses of
this kind of signals for heavy DM combined with simple background components would be of
great interest in order to constrain the possible DM origin of the studied gamma-ray fluxes.
A Fitting function parameters
In the following tables, we show explicitly the parameters used in the fitting functions. The
precision associated with them are better than 10%. An extrapolation of PYTHIA results
is necessary for high energies. This fact is justified since the mass dependence of the fitting
parameters reaches an asymptotic behavior for energies higher than 1TeV depending on the



























Channel a1 b2 d1 c2 q
dd̄ 5.20 5.10 0.410 0.0260 1.40 · 10−4
Table 4. The analogous set of parameters shown in table 3 but for the dd̄ channel.








Channel a1 n1 b2 c1 q
ss̄ 4.83 2.03 6.50 0.335 2.40 · 10−4
Table 5. Parameters for the fitting function of the photon spectrum coming from DM annihilation
in ss̄ channel.










Channel a1 b2 n2 c2 q
cc̄ 5.58 7.90 0.686 0.0 9.00 · 10−4
Table 6. The same as in table 3 for the cc̄ channel.












Channel a1 b2 c2 d2 q
bb̄ 10.0 11.0 0.0151 0.550 2.60 · 10−4
Table 7. Parameters for the bb̄ channel fitting function.
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p 5.78 · 10−5M1.89
q 0.133M0.488
l 21.9M−0.302
Channel a1 c1 d1 d2
tt̄ 290 1.61 0.19 0.845
Table 8. Mass depend and independent parameter of the fitting function given by eq. (4.3) for the
tt̄ channel.
Channel a1 n1 q
W 25.8 0.510 3.00
Z 25.8 0.5 3.87
Channel b1 c1 d1
W+W− 9.29M−0.0139 0.743M0.0331 0.265M−0.0137
ZZ 9.36M−0.00710 0.765M0.00980 0.272M−0.00990
Channel p j
W+W− 105M−1.13 + 285M0.0794 0.943M0.00852
ZZ 85505M−0.166 + 0.476M0.984 0.884M0.0175
Table 9. Parameters for the fitting functions of the electroweak gauge bosons channels.
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